A simple and rapid method is described for separation of T-even bacteriophage deoxyribonucleic acid (DNA) from host (Escherichia coli )DNA by hydroxyapatite column chromatography with a shallow gradient of phosphate buffer at neutral pH. By this method, bacteriophage T2, T4, and T6 DNA (but not T5, T7, or X DNA) could be separated from host E. coli DNA. It was found that glucosylation of the T-even phage DNA is an important factor in separation.
There are several techniques available for separating coliphage deoxyribonucleic acid (DNA) from the host Escherichia coli DNA. Among them, the density gradient centrifugation technique is regarded as one of the most powerful when the difference in the densities of phage DNA and E. coli DNA is great enough for such separation. The sucrose gradient centrifugation technique is also widely used, especially when the difference in the size of the DNA molecules plays an important role in the separation.
In this paper, I report a simple technique for separation of some T-even bacteriophage DNA from the host (E. coli) DNA by hydroxyapatite column chromatography with the use of a shallow concentration gradient of phosphate buffer at neutral pH. The use of hydroxyapatite to separate single-stranded DNA from double-stranded DNA (1) and, in conjunction with temperature gradients, to fractionate various phage DNA molecules (3) has already been reported.
MATERIALS AND METHODS
Preparation of hydroxyapatite. Hydroxyapatite was prepared essentially according to the method of Tiselius et al. (5) , as slightly modified by Miyazawa and Thomas (3) . Hydroxyapatite thus prepared can be kept in a cold room for at least 3 months without any significant change of elution pattern.
Chromatography. Usually, a chromatographic tube (1 cm in diameter) was packed just before use with hydroxyapatite on a base of glass beads (Superbrite, 3M Co., St. Paul, Minn.) without the use of pressure. The height of the hydroxyapatite portion of the column was approximately 3 cm in the experiments described here. Use of pressure during packing often caused slow flow rate and poor recovery. The chromatography was carried out at room temperature with a linear gradient of sodium phosphate buffer (pH 7.0). DNA which had been dissolved in 1 ml of 0.05 M phosphate buffer (pH 7.0) was applied to the column and washed with approximately 5 ml of phosphate buffer of the same concentration as the initial concentration of the gradient.
The initial and final concentrations of the phosphate buffer of the gradients are determined by the species of DNA to be fractionated. Sometimes, variations in individual batches of hydroxyapatite may require small adjustments in these concentrations. Exploration of these factors suggests that the following range of gradients may prove most useful: for fractionation of preparations containing singlestranded DNA and double-stranded Linear gradients were produced by use of a conventional apparatus with two wells. For columns of the size described above, a total of 40 ml of buffer solution (20 ml per well) was enough to fractionate the different species of DNA. Fractions of 1 or 2 ml were collected. The flow rate was adjusted to 10 to 12 ml per hr with a peristaltic pump, so that one column chromatograph would be finished in 3 to 4 hr.
Phage and bacterial strains. T2, T4, T5, and T7 phages were generously provided by M. Fishman, SEPARATION OF T-EVEN PHAGE DNA teriophage X DNA was kindly supplied by H. Yamagishi. E. coli B3 (thy) was used for preparation of 4C-labeled E. coli DNA.
Isolation of labeled DNA. 32P-labeled bacteriophage DNA was prepared by the phenol procedure after preparation of labeled phages. "4C-labeled E.
coli DNA was prepared by the same procedure from E. coli cells which had been labeled with "4C-thymine.
Determination of molecular size. The molecular size of the species of DNA used in these studies was determined by sucrose gradient centrifugation with T7 DNA as a reference marker. The approximate mean molecular sizes (S values) of the different species of DNA were as follows: T2 DNA, 55S; T4 DNA (before shearing), 58S; T4 gt DNA, 42S; T5 DNA, 505; T7 DNA (reference marker), 32S; and E. coli DNA, 405.
RESULTS
When mixtures of T2 or T4 bacteriophage DNA and E. coli DNA were applied to the hydroxyapatite column and were eluted with a shallow gradient of phosphate buffer (0.18 to 0.40 M), almost complete separation of the two kinds of DNA was observed ( Fig. 1 and 2 ). Essentially the same results were obtained with T6 DNA. The recovery from the column was usually 80 to 95 % under the conditions described in the legend of Fig. 1 and in Materials and Methods. On the other hand, this column was unable to separate T5, T7, and x bacteriophage DNA from E. coli DNA. The DNA from T5 and T7 bacteriophage was eluted at the same position as E. coli DNA (Fig. 3 and 4) ; the same was true for bacteriophage X DNA (not shown). Since the average molecular size of the T-even phage DNA which was used here for fractionation was larger (55S for T2 DNA, 58S for T4 DNA) than that of E. coli DNA (40S), it seemed possible that molecular size was a factor in the separation. However, mechanically sheared T4 DNA (14S, a molecular size approximately one-twentieth of the E. coli DNA used here) could still be well separated from E. coli DNA and eluted at almost the same position as the untreated T4 DNA (Fig. 5 ). This suggests that molecular size is not an important factor in the separation. T4 DNA fragmented by sonic treatment (molecular weight less than onehalf million) could also be separated from E. coli DNA, but the peak became broader and separation was not complete. Therefore, this column technique is best applied to the separation from host DNA (isolated by the usual methods) of T2 or T4 bacteriophage DNA preparations with molecular weights ranging from at least 2 million to almost entire molecules.
The basis of separation of T2, T4, or T6 bacteriophage DNA from E. coli DNA is not clear at this time. It was known that difference in molecular weight is not the main factor in separation. The difference in the guanine plus cytosine (GC) content of the different DNA preparations (T2 DNA, 35%; T4 DNA, 34%; and E. coli DNA 50%) did not seem to be a factor, because T5 DNA (GC content, 39%) was eluted at the same position as the E. coli DNA, as well as the T7 DNA (GC content, 48%). It is well known that T-even phage DNA contains glucosylated hydroxymethylcytosine instead of cytosine. When 82p_ labeled DNA isolated from a nonglucosylated mutant strain of T4 bacteriophage (T4 agt,gt) (2) was chromatographed with 'IC-labeled E. coli (Fig. 6) , the peak for T4 gt DNA was eluted much closer to the peak of E. coli DNA, although they did not overlap completely. Therefore, glucosylation of DNA seems to be an important factor in the separation. No additional factors have as yet been identified. The possibility that the hydroxymethylcytosine residues of T2, T4, and T6 DNA may play a role in separation has not been investigated. An attempt to separate denatured single-stranded DNA of T4 bacteriophage from single-stranded E. coli DNA was unsuccessful. As shown in Fig. 7, T4 DNA and E. coli single-stranded DNA were only partially separable. However, no extensive studies have been made to find the optimal conditions for such separation.
The technique described here has already been used to analyze the DNA synthesized in E. coli after infectionby variousT4 bacteriophagemutants with impaired genes for DNA replication (4 (iii) It is recommended that any possible material which might disturb separation of DNA be removed before application of the DNA preparation to the column, either by dialysis of the preparation against phosphate buffer or by precipitation of DNA by ethyl alcohol. However, for those cases when such pretreatment was undesirable, tests were made of the effects of several agents which might be present in DNA preparations. When the 1 X 3 cm column described here was used, the presence of the following agents in DNA preparations (1.0 
